In murine skin, dermal white adipose tissue (DWAT) undergoes major changes in thickness in synchrony with the hair cycle (HC); however, the underlying mechanisms remain unclear. We sought to elucidate whether increased DWAT thickness during anagen is mediated by adipocyte hypertrophy or adipogenesis, and whether lipolysis or apoptosis can explain the decreased DWAT thickness during catagen. In addition, we compared HC-associated DWAT changes between spontaneous and depilation-induced hair follicle (HF) cycling to distinguish between spontaneous and HF trauma-induced events. We show that HC-dependent DWAT remodelling is not an artefact caused by fluctuations in HF down-growth, and that dermal adipocyte (DA) proliferation and hypertrophy are HC-dependent, while classical DA apoptosis is absent. However, none of these changes plausibly accounts for HC-dependent oscillations in DWAT thickness. Contrary to previous studies, in vivo BODIPY uptake suggests that increased DWAT thickness during anagen occurs via hypertrophy rather than hyperplasia. From immunohistomorphometry, DWAT thickness likely undergoes thinning during catagen by lipolysis. Hence, we postulate that progressive, lipogenesis-driven DA hypertrophy followed by dynamic switches between lipogenesis and lipolysis underlie DWAT fluctuations in the spontaneous HC, and dismiss apoptosis as a mechanism of DWAT reduction. Moreover, the depilation-induced HC displays increased DWAT thickness, area, and DA number, but decreased DA volume/area compared to the spontaneous HC. Thus, DWAT shows additional, novel HF wounding-related responses during the induced HC. This systematic reappraisal provides important pointers for subsequent functional and mechanistic studies, and introduces the depilation-induced murine HC as a model for dissecting HF-DWAT interactions under conditions of wounding/stress.
Introduction
The thickness of murine skin has long been known to be hair cycle (HC)-dependent [6, 8, 13, 23, 37] . This phenomenon has also been observed in other mammalian species, such as rats and rabbits, whose skin shows highly synchronized cyclic transformations of hair follicles (HFs) from a stage of rapid growth (anagen) via apoptosis-driven regression (catagen) to relative "quiescence" (telogen) [18, 42, 55] . Although much more discrete, this phenomenon may also be relevant in mosaic HC patterns, since balding human scalp skin with an increased number of telogen and vellus HFs is considerably thinner than non-balding occipital skin in the same individual [10] . Therefore, it is biologically and clinically interesting to better understand the characteristics and underlying mechanisms of HC-dependent changes in cutaneous anatomy and function [39, 60] .
It is well established that dermal white adipose tissue (DWAT), the lower dermal compartment which embeds the major part of the HF, fluctuates in thickness in synchrony with murine HF cycling [12, 31, 37, 54] . There is general agreement in the literature that DWAT thickness increases during anagen and decreases during catagen and telogen [8, 10, 11, 15, 31, 37, 53, 54] . However, it remains somewhat unclear as to how or why this happens, and which HF-DWAT communication drives these changes. Earlier studies suggested that DWAT thickness in murine skin increases due to an accumulation of lipids via lipogenesis [8] , whilst recent studies postulate that genuine adipogenesis driven by pre-adipocyte differentiation and proliferation underlies these morphological changes [2, 15, 32] . Specifically, Festa and colleagues [15] reported that murine dermal adipocyte (DA) proliferation is stimulated during catagen to then increase the number of precursor and mature adipocytes during subsequent telogen and anagen initiation.
Furthermore, it remains to be explained how murine DWAT shrinks during catagen, i.e., owing to lipolysis and/or adipocyte apoptosis. Moreover, differences in HC-associated DWAT changes that may exist between the spontaneous and depilation-induced HC remain to be characterized to distinguish HF trauma-related phenomena from spontaneously occurring ones [8, 37] .
HF cycling has long been considered an organ-autonomous process [2, 32, 39, 60] . While this is still true for HF cycling, HC wave pattern formation in murine skin is now appreciated to be adipocyte-dependent, and DAs greatly impact upon wound healing, a phenomenon that shares many features with anagen development [3, 9, 44, 47, 52, 57] . From this, the question arises as to whether HC-dependent DWAT fluctuations reflect a more active role of DAs in controlling HF cycling than previously appreciated [39] .
To generate a robust basis for subsequent functional and mechanistic studies, we set out to reappraise the HC-associated DWAT changes in murine skin during spontaneous versus depilation-induced HF cycling. Our main aims were to understand: (1) whether HC-associated DWAT alterations differ between spontaneous and depilation-(i.e., wounding-) induced HF cycling [35] , and (2) how the HC-associated DWAT changes may be brought about. Specifically, we investigated whether changes in DA number and volume/ area (hyperplasia/hypertrophy), total DWAT area, or pre-adipocyte proliferation drive the increase in DWAT thickness throughout the HC. Similarly, we inquired whether DWAT reduction during the HC can occur via apoptosis or lipolysis, but have explicitly not investigated the recently reported mechanism of myofibroblast-adipocyte trans-differentiation in our study [25] . Instead, we have performed an in vivo BODIPY uptake assay to investigate whether active lipid uptake underpins the increased DWAT thickness during anagen.
Materials and methods
For the spontaneous HC, back skin was harvested from 4 to 5 female C57BL/6 mice per time point (p.t.p.) investigated (P17-P52). Back skin for the induced HC was harvested from 3 to 5 female C57BL/6 mice after depilation (D1-D32) as previously described [37] . Haematoxylin and eosin (H&E) immunohistochemistry was carried out for both HC types using 4 µm or 12 µm formalin-fixed, paraffin-embedded sections.
First, we analysed all time points of the spontaneous HC using H&E for HC stage scoring. As murine hair follicles cycle in a wave from the neck to the tail, each time point was defined as one of the following 7 HC stages: early anagen, mid anagen, late anagen, early catagen, mid catagen, late catagen, or telogen (Online Resource 1, [35] ). The HC stage score for all induced HC time points was defined as previously shown by Kloepper et al. [29] .
To analyse DWAT thickness, the perpendicular distance from the top of the dermal adipose layer to the panniculus carnosus was measured, taking 70-125 measurements p.t.p. for the spontaneous and induced HC. DWAT area was measured by subtracting HF areas residing within DWAT from the total DWAT area. 14-25 microscopic fields-of-view (FOV) were analysed p.t.p. for both HC types. Cell number was quantified using ImageJ for 14-25 FOVs p.t.p, whereas cell area was assessed by measuring the circumference of 140-250 randomly selected cells per FOV p.t.p. for both HC types.
To determine proliferation throughout HF cycling, sections were stained with an immunoperoxide Ki-67 protocol using the M.O.M kit (Vector MP-2400), Ki-67 primary antibody (Vector VPK452), the M.O.M biotinylated antimouse IgG reagent (Vector PK-4002), Vectastain ABC reagent (Vector PK6100), and NovaRED substrate (Vector SK-4805). Ki-67-positive cells were counted as a percentage of total cells, 14-25 FOVs p.t.p. for both HC types. TUNEL immunofluorescence staining (Millipore Apoptag Fluorescein Detection) was performed on 12 µm paraffin sections to analyse apoptosis. All images were captured using the Biozero 8000 Keyence microscope (Biozero, Osaka, Japan). Statistical analysis was carried out for all parameters using the Kruskal-Wallis test with Dunn's multiple comparisons (*p < 0.05; **p < 0.01; ***p < 0.001) on Prism GraphPad software.
C1 BODIPY 500/510 C12 (Molecular Probes™ D3823) was injected at 50 µg/µl in 1%BSA 1 × PBS intraperitoneally in a C57BL/6 mouse showing an anagen wave (P28). After 6 h, the mouse was sacrificed and shaved, and the panniculus carnosus was removed to allow adipocyte visualization across the hair wave using the Nikon Eclipse Ti-E (Nikon, Japan).
Results
DWAT thickness in murine skin is HC-dependent, but shows substantial differences between the spontaneous and post-depilation HC In the spontaneous HC, DWAT thickness significantly increases from mid to late anagen, followed by a decrease up to late catagen (Fig. 1a, b) , confirming previous reports [8, 10, 15] . However, an unexpected increase in thickness was observed during the spontaneous, relatively synchronized catagen-telogen transformation (Fig. 1b) [35] . This contradicts what has been reported during the depilationinduced HC [8, 23, 35, 37] , and may be related to the fact that the telogen time point selected in our study corresponds to competent, rather than refractory telogen [18, 44] .
In comparison, DWAT thickness in the depilationinduced murine HC follows a similar trend, but undergoes a decrease during the catagen-telogen transition (Fig. 2a,  b ). This is in line with some previous literature while contradicting other studies (Online Resource 5) [23, 35, 37] . Since we have excluded potentially distorting inputs from HC-associated fluctuations in HF volume and have rigorously applied quantitative histomorphometry techniques, we believe the measurements reported here to be definitive.
Fluctuations in HF area/volume throughout the hair cycle do not explain HC-associated changes in DWAT thickness or area
To address the possibility that HC-associated DWAT fluctuations may be an artefact caused by HF down-growth within the DWAT and the major HC-associated changes in HF volume [35] , follicular areas residing within the DWAT were measured planimetrically and subtracted from the total DWAT area. DWAT area also significantly changed (p < 0.001) after subtracting the space occupied by HFs within DWAT between each time point in the induced HC, but only during early-to-mid catagen in the spontaneous HC (Figs. 1c, 2c) , showing an identical trend as the changes in DWAT thickness. Thus, changes in follicular size and downgrowth cannot explain HC-associated changes in DWAT thickness and area (Online Resource 2).
DWAT responds to HF wounding
Compared to spontaneous anagen, depilation-induced anagen is associated with inflammation and oedema due to depilation trauma that initiates a wound healing response in the HF [37, 41] . Thus, it is remarkable that a different HC-response pattern in the DWAT was seen only during telogen, since this HF transformation occurs entirely spontaneously in both HC types [33, 35, 36, 38] . Interestingly, at each individual time point from mid anagen to late catagen, DWAT thickness and area is greater during the induced HC compared with the spontaneous HC (Figs. 1b, c, 2b, c). This indicates that DWAT markedly responds to HF trauma, likely through the release of wounding-related mediators such as cytokines, chemokines, hormones, and growth factors, and/ or trauma-induced changes in HF-associated immunocytes such as mast cells, macrophages, Tregs, and γδ T cells [1, 7, 29, 40, 41] .
Dermal adipocyte volume in murine skin is HC-dependent
We also addressed whether the volume of individual murine DAs in situ changes in a HC-dependent manner. For this, we accepted the morphometrically assessed DA area as a read-out parameter for DA volume, as previously reported [15, 65] . The DA area in the spontaneous HC significantly increases between late anagen and early catagen via the mechanism of hypertrophy (Fig. 1d) , and decreases from mid-to-late catagen confirming previous reports [15, 65] . Although changes in adipocyte area were significant from one specific HC stage to the next in the induced HC (Fig. 2d) , they do not convincingly explain DWAT fluctuations in thickness and total area due to the observed temporal disparity of these two phenomena (Fig. 2b-d) . The trend in the changes of total DWAT area versus individual adipocyte area is similar, but slightly delayed as adipocyte area increases at a later HC stage then DWAT area (Fig. 2c, d ). This suggests that DWAT thickness begins to decrease prior to a reduction in DA cell area, in response to as yet unknown of lipolysis-inducing signals secreted by surrounding HFs.
The number of dermal adipocytes significantly changes during the induced HC only
Surprisingly, no significant changes in the adipocyte number could be found between individual stages of the spontaneous HC (Fig. 1e) . Our observations differ from those of Zhang et al. [69] who reported a significant increase in adipocyte number during mid-to-late anagen transition, followed by a plateau from late anagen to late catagen and a 30% drop during late catagen to late telogen. Specifically, our study contradicts the concept of hyperplasia proposed by these authors, given that DA cell number does not significantly fluctuate during the spontaneous HC (Fig. 1e) .
In striking contrast, a significant, two-fold increase in the number of DAs is observed during early-to-mid anagen in the induced HC (Fig. 2e) , correlating with the twofold increase previously reported [8, 23, 35, 37] (Online Resource 5). Intriguingly, the DA cell area significantly Fig. 1 DWAT undergoes well-defined changes in thickness and total area throughout the spontaneous murine HC. Ki-67 histochemistry was used to assess morphological changes during the spontaneous murine hair cycle (HC) (a). Morphological analysis revealed significant HC-dependent oscillations in DWAT thickness (b) which correlates to HC changes in DWAT area (c). Individual adipocyte area undergoes some changes across the HC; however, these differences do not correlate with DWAT thickness or area fluctuations (d).
Cell number remains constant throughout the spontaneous HC, with a slight decrease throughout catagen (e). Percentage of proliferating cells significantly decreases from late anagen to early catagen, and from late catagen to telogen (f). N = 3-5 mice per time point. Statistical analysis was carried out using the Kruskal-Wallis test with Dunn's multiple comparisons (**p < 0.05, ***p < 0.001). Scale bars = 50 µm Statistical analysis was carried out using the Kruskal-Wallis test with Dunn's multiple comparisons (*p < 0.01, **p < 0.05, ***p < 0.001). Scale bars = 50 µm increased from mid-to-late anagen and late anagen to mid catagen in the induced HC (Fig. 2d) . This suggests that the observed hypertrophy is a trauma-related phenomenon and that inflammatory signals associated with the selective wounding of the HF epithelium by mechanical depilation promotes proliferation of pre-adipocytes followed by DA maturation.
Proliferation within DWAT is HC-dependent, yet fails to explain the changes in DWAT thickness
Next, we investigated proliferation characteristics of DWAT by Ki-67 quantitative immunohistomorphometry (Figs. 1f,  2f) . The percentage of proliferating (Ki-67+) cells within the DWAT layer in the spontaneous HC significantly decreased (p < 0.01) from late anagen to early catagen and from late catagen to telogen (Fig. 1f) , in line with Festa et al. [15] . These changes precede the subsequent increase in DWAT thickness and area, indicating a delayed effect on HC progression.
In the induced HC, there is a higher number of proliferating cells compared to the spontaneous HC during early and mid anagen compared to catagen and telogen (Fig. 2f) , most likely in response to HF wounding. The percentage of proliferating cells declines during mid-to-late anagen (Fig. 2f) , 8-17 days after anagen induction via depilation. This is when inflammation is likely being resolved, as expected during classical wound repair [21] .
DWAT does not appear to undergo classical apoptosis during any HC stage
Next, we analysed whether and when apoptosis occurs within DWAT in the spontaneous HC to examine whether DA cell death could explain the decrease in DWAT thickness from late anagen to early catagen, and from early catagen to mid catagen (Online Resource 4). Quantitative immunohistomorphometry for TUNEL + cells showed clear positive staining within the regressing proximal epithelium of catagen HFs as expected [33, 35] ; however, no apoptotic activity was detectable by TUNEL in DWAT (Online Resource 4). These results make cell death as an explanation for the dermal thinning seen during catagen very unlikely, confirming previous literature on this topic [65] .
DWAT undergoes lipid uptake in vivo during mid and late anagen
It has long been suggested that DWAT thickness increases due to an accumulation of fat via lipogenesis [8] . Instead, recent reports suggest that DA proliferation is stimulated during catagen to then increase the number of precursor and mature adipocytes during subsequent telogen and anagen initiation [15] . However, our new data suggests that neither previously proposed changes (i.e., lipid accumulation and/ or DA proliferation) satisfactorily explain the major DWAT fluctuations seen in the spontaneous HC [8, 15, 48, 49, 69] .
Therefore, we investigated whether there is any evidence that lipogenesis underpins the increase in DWAT thickness during anagen using a C1 BODIPY C12 probe (Online Resource 3). This showed that the in vivo lipid uptake by murine DAs is HC-dependent, since BODIPY incorporation was absent in early anagen, commenced during mid anagen, and increased in intensity during late anagen of the spontaneous HC (Online Resource 3). This suggests that DWAT employs lipogenesis to achieve increased thickness during mid-to-late anagen (Online Resource 3; Fig. 1b) .
This expansion in cell size via lipogenesis appears to halt following early catagen (Fig. 1d) , i.e., when DAs begin to decrease in volume/area until late catagen. Therefore, based on the data presented here, we hypothesize that, in the absence of DA apoptosis, the only reasonable explanation for the decrease in DWAT thickness, total area, and DA area from late anagen to late catagen of the spontaneous HC is that murine skin DAs actively switch-on lipolysis.
Discussion
The current reappraisal of HC-dependent changes in DWAT morphology during murine HF cycling is the first to systematically compare these changes between the spontaneous and induced HC (Figs. 1a-c, 2a-c) , and overall confirms key observations made by the previous authors [6, 8, 10, 13, 15, 23, 37] . However, our data differ in a few important respects from earlier findings (Online Resource 5). These differences are by no means trivial, since they raise important questions about the molecular controls that govern murine DA biology, and the bidirectional DWAT-HF communication which future skin, hair, and adipocyte research needs to address and answer.
Adipocyte expansion can occur via two well-defined expansion mechanisms, i.e., hyperplasia and hypertrophy [20, 22, 48, 50, 61, 68] . In contrast to the published literature, hyperplasia does not explain fluctuations in DWAT thickness and area throughout the spontaneous HC, as the cell number does not significantly change (Fig. 1e) [69] . Furthermore, DA proliferation does not oscillate in sufficient synchronicity with the HC (Fig. 1f) to explain the HCdependent changes in DWAT thickness. However, the present study partially concurs with Festa et al. [15] who reported a significant increase in the percentage of BrdU + adipogenic cells from catagen to early anagen, suggesting that proliferation is increased during catagen and telogen, and precedes the subsequent increase in DWAT thickness and area (Fig. 1b, c) , when visualizing the time points chronologically from P17 to P32. However, the two studies pose major differences in HC sequence and methodology (i.e., BrdU labelling in vivo versus Ki-67 staining performed in vitro in the current study), which limits an accurate comparison. Our histological data indicate that, overall, HC-dependent DWAT fluctuations are mostly due to DA hypertrophy rather than hyperplasia (Fig. 1d, e) . This is supported by our in vivo data which suggest that active lipid uptake, followed by lipogenesis, at least partially explains the increase in DWAT thickness during anagen (Online Resource 3). Although individual DA volume/area does not increase during midto-late anagen transition, the subsequent significant increase from late anagen to early catagen (Fig. 1d) likely reflects a time-delayed effect in response to lipogenesis-inducing signals derived from the surrounding HFs.
Since mature adipocytes are post-mitotic [48, 62] and do not express proliferative markers, we utilize Ki-67 as a marker of pre-adipocyte proliferation in DWAT. Our observations reinforce the concept of pre-adipocyte proliferation reported during catagen-telogen-anagen [15] ; however, this contradicts the view that new DAs are generated during midto-late anagen [69] . Therefore, we hypothesize that DWAT thickness increases during telogen-anagen transition via pre-adipocyte proliferation and differentiation, followed by lipogenesis in differentiating adipocytes as a main expansion mechanism during mid-to-late anagen (Figs. 1a-f, 3 ; Online Resource 3).
No apoptosis is detected in DWAT at any stage during the spontaneous or induced murine HC (Online Resource 4) confirming the study by Wojciekowicz et al. [65] . Therefore, classical apoptosis can essentially be excluded as an explanation for the decreased DWAT thickness and area during catagen (Figs. 1b, c, 2b, c) . Our results suggest that the reduction in DWAT thickness is most likely due to an individual decrease in adipocyte area during mid-to-late catagen via lipolysis, a well-defined process of adipocyte volume reduction [50] , (Figs. 1d, 2d, 3 ). Future work now needs to explore and establish whether lipogenesis continues throughout Fig. 3 Murine HC-dependent DWAT fluctuations. During competent telogen, DWAT starts to steadily increase in size in parallel with the growth phase of the HF, reaching its maximum thickness during anagen VI when they fully penetrate the dermal adipose layer. Based on our results and the previous studies, we hypothesize that DWAT fluctuations in the spontaneous HC are caused by progressive hypertrophy caused by lipogenesis within DAs, followed by dynamic switches between lipogenesis and lipolysis during the anagen-to-catagen transition. In the induced HC, we propose that DWAT thickness increases during early anagen via hyperplasia as pre-adipocytes undergo proliferation, followed by hypertrophy during mid and late anagen as differentiating and mature adipocytes undergo active lipid uptake. As apoptosis triggers the regression of the HF during catagen, DWAT begins to dramatically shrink in size. We hypothesize that DWAT reduction is mediated via lipolysis; however, adipocytes may also undergo distinct forms of cell death during catagen. As the dermal papilla cells come in close contact with the bulge area during telogen, DWAT thickness is at its minimum. Thus, oscillations in DWAT thickness occur in synchronization with the HC catagen and early telogen, as previously proposed [69] , or whether DAs switch to lipolysis and, most importantly, what controls this phenomenon (e.g., HF-derived signals such as IGF-1 or intrinsic signalling events within the DWAT itself).
In contrast, the observed DWAT fluctuations in the induced HC may be explained by both hypertrophy and hyperplasia. Changes in adipocyte area follow the same HCdependent trend as oscillations in DWAT thickness and area (Fig. 2b-d) , with a slight time delay as changes in DA area precede DWAT thickness and total area (Fig. 2d) . Interestingly, the area of individual DAs is not reduced until late catagen, i.e., long after synchronized HF regression has set in. This suggests that HFs first enter into catagen and subsequently secrete molecular signals to surrounding DAs, thus activating lipolysis. If this scenario is confirmed by subsequent research, the cycling HF would then control DWAT biology during catagen, not the other way around.
Although not statistically significant, the number of DAs slightly fluctuates during the induced HC (Fig. 2e) , shadowing the trends seen in the DWAT thickness and DA area (Fig. 2b, c) . The accentuated proliferative activity within the DWAT during anagen development post-wounding (Fig. 2b, c , e, f) corresponds well to the established concept that adipocyte repopulation during wounding largely occurs via hyperplasia [52] . This suggests that depilationinduced HF trauma induces a wounding-related proliferative response, which results in increased DWAT thickness, total area, and DA number but reduced DA volume/area compared to the spontaneous HC (Figs. 1b-f, 2b-f) . The accentuated DWAT responses during induced murine HF cycling reported here constitute a novel finding, which shows yet another function of DWAT in response to wounding of the skin epithelium with which it is in intimate contact [16, 23, 35, 37, 52] .
For the first time, we show that DWAT in the induced HC undergoes enhanced HC-dependent fluctuations in response to wounding compared to the spontaneous HC. Thus, we provide a framework for future studies to dissect the underlying molecular signals that drive the surge in pre-adipocyte proliferation in response to depilation-induced HF trauma.
Interestingly, wounding-induced HF neogenesis reprograms myofibroblasts towards an adipogenic fate via BMP2 signalling [43] . Thus, it is reasonable to ask whether the exacerbated response in DWAT thickness, area, and DA cell number after HF depilation compared to the spontaneous HC is explained, at least in part, by reprogramming of myofibroblasts into mature adipocytes. If confirmed, this process would be a novel mechanism for DWAT expansion via an unexpected source of adipocyte progenitors [25] which lies outside the 'hyperplasia versus hypertrophy' debate. This assigns a key role to as yet unclear wounding-induced signals emanating from the HF epithelium. Our study does not formally rule out the possibility that DAs may undergo trans-differentiation into myofibroblasts during hair cycling; however, to our knowledge, no studies have as yet proven that adipose tissue can undergo a significant increase in volume via this specific mechanism in vivo.
Depilation-induced anagen is followed by accumulation of CD4 + , CD8 + , MHC II + , and γδ TCR + immunocytes in the perifollicular region [41] which may account for some of the increased DWAT thickness and area during early and mid anagen (Fig. 2b, c) . The surge in pre-adipocyte proliferation may be stimulated by cytokines such as PDGF, EGF, IGF-1, and FGF [12, 19] , or via anagen-associated angiogenesis [34] , since blood vessels are associated with progenitor cells (pericytes) that can give rise to adipocytes [34, 61] . Future studies are required to explore whether enhanced DWAT responses to depilation-induced HF trauma occur due to either HF-or cytokine-derived factors [4] .
The lack of apoptosis in the spontaneous HC reaffirms the view that, under physiological conditions, dermal and subcutaneous adipocytes undergo apoptosis at a much lower rate compared to visceral adipocytes [24] . However, we recognize that DAs in the DWAT may undergo distinct forms of cell death during catagen, such as necrosis, necroptosis, or necrolysis, which could have escaped detection by TUNEL assay [30] . With this caveat in mind, we show here that changes in DA proliferation and/or classical apoptosis do not convincingly explain the HC-associated DWAT changes. Instead, we hypothesize that these most likely occur via dynamic switches between lipogenesis and lipolysis across the spontaneous HC (Fig. 3) , which are controlled by prior changes in HC-dependent signalling of neighbouring HFs. The HF outer root sheath is a major source of insulinlike-growth-factor-1 (IGF-1), whose intrafollicular production is largely coupled to anagen and it is secreted by HFs primarily during anagen [64] . Therefore, IGF-1 could be one of the secreted signals that drive HC-dependent and HCcontrolled oscillations in DWAT thickness-not the least, since IGF-1 also stimulates pre-adipocyte proliferation and differentiation [17, 55] .
The current study reaffirms the cross-regulatory mechanisms between HFs and DWAT, since the previous murine KO models for Adiponectin and PPARγ show reduced DWAT thickness and delayed hair coat formation [27, 51, 63] . Taking into account the published literature, the role of pre-and mature adipocytes in the HC appears to be the maintenance of anagen follicles, since adiponectin promotes human HF proliferation and hair shaft production ex vivo [66] . Notably, PPARγ is a central regulator of adipogenesis [58, 59] that, upon disruption, likely prevents the secretion of factors such as BMP2 and PDGFA which have been shown to control murine hair cycling [15, 44] . Based on our findings, it is plausible that a positive feedback loop exists between HFs and DWAT, since developing anagen HFs seem to have a stimulatory effect upon pre-adipocyte hyperplasia and orchestrate changes in DWAT thickness (Fig. 2f) . Hence, the present data further support the tight connection and regulation of HFs and surrounding DWAT.
Finally, the current reappraisal of the HF-DWAT bidirectional communication [15, 28, 43, 44, 66, 67, 69] highlights that HC-dependent changes in murine DWAT provide an excellent in vivo-model system for interrogating the complex signalling exchanges and functional interdependence between HF keratinocytes and their adjacent adipocyte compartment [4, 5, 14, 42, 45, 46, 56] . Moreover, our study raises the clinically relevant question, whether and how simple manipulations of the HF epithelium in human skin (such as mechanical depilation/epilation) may be exploitable to therapeutically modulate the much less accessible DWAT. This could be to counter-act conditions associated with lipoatrophy or undesired fat hyperplasia/hypertrophy by recruiting wounding-induced HF signals to control DWAT morphology and function [26] .
